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Power Decoupling Method for Voltage Source
Inverters Using Grid Voltage Modulated Direct
Power Control in Unbalanced System

Zhen Gong, Student Member, IEEE, Chengxi Liu, Senior Member, IEEE, Y onghao Gui, Senior Member,
IEEFE, Filipe Faria da Silva, Senior Member, IEEE, Claus Leth Bak, Senior Member, IEEE

Abstract—The grid voltage modulated direct power control
(GVM-DPC) is a novel power regulation method for grid-
connected voltage source inverters (VSI). However, interactions
between real and reactive powers still exist in GVM-DPC under
unbalanced grid voltage condition, which may deteriorate its
transient performance. This paper proposes a power decoupling
method for GVM-DPC-based VSI in unbalanced systems based on
the dynamic feedforward power compensation (DFPC) strategy,
which can reduce the coupling magnitudes of real and reactive
powers in the transient stages. Firstly, the power coupling
mechanism of positive and negative sequence real and reactive
powers of VSI under the unbalanced voltage condition is analyzed.
Then, the power coupling magnitudes (PCM) are derived
according to relationships among the positive sequence
components of real power, reactive power and PCC voltages. Next,
the PCM are compensated into the GVM-DPC for the better
decoupling performance. Furthermore, a stability analysis of the
proposed control system is studied based on the impedance model,
and a comparison with the traditional power decoupling method
based on virtual impedance is conducted to show the superiority
of the proposed method. Finally, simulations, hardware-in-loop
test and experiment are conducted to validate the effectiveness of
the proposed method.

Index Terms—grid-voltage-modulated direct power control,
power decoupling, voltage source inverter, unbalanced system.

1. INTRODUCTION

ITH the installation of renewable generations, voltage
source inverter (VSI) is usually utilized to integrate them
into the power grids [1]. Different control strategies have
been proposed to improve the VSI reliability, efficiency and
safety [2]-[7]. Among them, the direct power control (DPC) is
proposed for VSI to regulate output real and reactive powers
directly without using phase-locked loop (PLL), which can
achieve better dynamic performance and robustness comparing
with conventional vector-oriented controls (VOC) [8]-[10].
Inspired by the direct torque control, a look-up-table DPC
(LUT-DPC) is investigated which dynamic performance is
proved to be faster than VOC [9]. However, the switching
frequency is a time-varying value, which will result in the
undesirable broadband harmonic fluctuations in output powers.
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To tackle this issue, different DPC methods are explored [11]-
[19]. For example, a sliding-mode-control-based DPC is
proposed to realize the constant switching frequency and
robustness [11], [12]. Nevertheless, large ripples in output
powers still exists and the convergence of its operation point
cannot be guaranteed. Besides, a model predictive control DPC
is proposed in [13], [14], which selects the optimal voltage
vector to reduce the mutual interactions between the real and
reactive powers based on the minimization of cost function.
However, the evaluation of optimal voltage vector is time
consuming. Recently, a novel grid voltage modulated-DPC
(GVM-DPC) is proposed in [15]-[19], which makes the system
a linear time-invariant system and solves the problems of large
power harmonics induced by the nonlinear control
characteristics of conventional DPC methods [15]. However,
the coupling mechanism of real and reactive powers in the
transient stages has not been given a full consideration under
the unbalanced grid voltage condition, which may significantly
degrade the dynamic performance and stability of low-inertia
power systems [20], [21]. Thus, it is essential to develop power
decoupling strategies to address the coupling problem suffered
by the existing GVM-DPC in unbalanced system.

There are 4 types of power decoupling methods for VSI in
distribution grids: 1) virtual power method (VPM) [22], 2)
virtual frequency and voltage-based method (VFVM) [23], 3)
virtual impedance method (VIM) [24]-[26], and 4) coupling
compensation method (CCM) [31],[32]. The core ideas of VPM
and VFVM are to rotate the vectors of real and reactive powers
or vectors of voltage and frequency by an impedance angle.
The VIM is to reshape the connecting line to be inductive by
embedding virtual impedance into virtual synchronous
generator control loop. The CCM adds coupling components of
real and reactive powers into power control loops for the
decoupling. However, all these power decoupling methods are
designed for conventional virtual synchronous generator
controls or droop controls, without considering the dynamic
performance of GVM-DPC. Moreover, above methods only
propose the power decoupling methods for VSI in 3-phase
balanced system, without considering the power coupling
mechanism under unbalanced voltage conditions.
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A parallel compensator (PC) is proposed for GVM-DPC
under unbalanced grid voltage condition to improve the steady
state performance [33]. In this case, output currents are
balanced and real and reactive power ripples induced by
negative current components are reduced. However, the GVM-
DPC is based on an ideal grid condition, assuming that the
voltage is not distorted by output powers of VSI, however, this
assumption is not suitable for VSI connected to weak grids that
the variation of voltage angle difference from PCC to grid side
buses cannot be neglected, which will result in the severe power
coupling issues. In [34]-[37], a new DPC method based on
extended Akagi power theory is proposed, which can be
directly used for VSI under balanced and unbalanced grid
voltage conditions. It points out that traditional VSI control
methods need to add power compensation values by extracting
positive and negative sequence components to eliminate
negative sequence components of output currents under
unbalanced network condition. On the contrary, this sequence
extraction is not required in the extended-power-theory-based
DPC, which further simplifies the structure of the system.
However, the real and reactive power coupling mechanism in
transient stages is not considered in this method, since it also
assumes that both positive and negative sequence voltages
rotate with a fundamental angular frequency without
considering the variation of angle difference between PCC
voltage and grid voltage, which is not reasonable when VSI
output powers change in the weak grid system. This assumption
can lead to severer power coupling issues, which is the focus of
this paper, and the conventional GVM-DPC method is selected
as an example to clarify the contribution, revealing that the
assumed ideal voltage condition in GVM-DPC will lead to
power coupling phenomenon, which is also illustrated by
phasor diagram of voltage and current. Then, the VSI powers
can be decoupled by the proposed compensating power
coupling magnitudes into the DPC loop, which can improve the
power tracking performance.

Since there is no research focusing on the power coupling
issues of GVM-DPC-based VSI under unbalanced voltage
condition system, this paper proposes a power decoupling
strategy for GVM-DPC under the unbalanced system based on
the dynamic feedforward power compensation (DFPC)
algorithm. The main contributions are summarized as follows:

1) The physical essences of power coupling in positive and
negative sequence are visualized by phasor diagrams.

2) The limited power decoupling capability of existing
GVM-DPC under unbalanced system is pointed out by
mathematical derivation.

3) The power coupling components in the transient stages can
be eliminated effectively based on the proposed DFPC method
for VSI in the unbalanced system. Simulations and experiment
are established to verify the effectiveness of the proposed
method. Noted that since the power coupling components in
steady state are effectively eliminated by conventional GVM-
DPC, this paper focuses on the decoupling strategy under
transient stages.

4) Stability of the VSI system is studied by impedance model
analysis considering the power decoupling effect.

The rest of this paper is organized as follows. In Section II,
the power coupling characteristics of GVM-DPC under
unbalanced system are analyzed. In Section III, the traditional

GVM-DPC is introduced, and then the power decoupling
strategy is proposed. In Section IV, simulations are conducted
to validate the effectiveness of the proposed method. A
hardware-in-loop (HIL) test performed on RTDS is presented
in Section V. Finally, the conclusions are drawn in Section VI.

II. POWER COUPLING CHARACTERISTICS OF GVM-DPC
CONNECTED TO AN UNBALANCED SYSTEM

Fig. 1 shows the conventional two-level GVM-DPC-based
VSI connected to an unbalanced grid voltage system where an
asymmetric fault occurs [33]. A stiff DC power source is
utilized in this paper, which ignores the dynamic influences
from DC side. An inductor in series of resistor constitute the
filter of VSI.

In Fig. 1, it e and vpec e are the 3-phase currents and PCC
voltages measured for the calculation of instantaneous real and
reactive powers in positive and negative sequence (P's P, Oy
0, where P, O"rare control inputs of traditional GVM-DPC
to regulate output powers according to power references, and P

1, Oy are the control inputs of PC block to balance the 3-phase

currents. Delay signal cancellation method in [39] is used to
extract positive and negative sequence components. Please note
that there is a strong assumption in conventional GVM-DPC,
i.e., the PCC voltages in positive sequence after the band pass
filter (BPF) (denoted as v'pcrqp) are ideal voltages without
considering the angle difference from PCC to V, as shown in
Fig. 1 and (1), which will cause serious real and reactive power
coupling issues of VSI in the transient stages. In (1), PCC
voltages after BPF are represented in o-f reference frame,
where Vet is the magnitude of fundamental voltage, and wris

the rated angular frequency of the fundamental voltage at PCC.
Inverter

Unbalanced
system

DC-link PCC

L filter :
v, < J (5551 I abe Vpee, abe

N
V pecef,o= Voot cos(@r 1)

Delay Signal Cancellation
x - + +

4 . T
Vinv,abchr V inv,abe L La Lpp YV opech®y {V pect B

L,
h a Power Calculation
B

of Sin(wy 1)

V+pccf, S~V oe

Fig. 1. GVM-DPC diagram for the VSI connected to an unbalanced system.
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To illustrate the power coupling mechanism under the
unbalanced grid voltage system, different sequence components
of PCC voltage and current are shown in Fig. 2.

In the unbalanced system, GVM-DPC usually excites the
negative and 3™ order positive sequence currents, i.e., i1, £'L
shown in Fig. 2(a), which will be eliminated by the PC control
block in our control system shown in Fig. 1 to balance the
output currents of VSI [33], as shown in Fig. 2. As a result, the
PCC voltage (vpecr) contains the positive and negative sequence
components (V' pect, ¥ pecr) and the output current of VSI (i) only
comprises positive sequence quantity (i*.), as shown in Fig.
2(b). Then, different sequence real and reactive powers can be



derived in (2) as follows, where v*pecta, Vpectp, I 'Las I Lp are the
positive sequence voltages and currents at PCC and vpecfa, v
pect,p are the negative sequence components.

(a) (®)
Fig. 2. The phasor diagrams of the relationship between positive and negative
sequence PCC voltage and current. (a) is the original vector before the balance
of current, and (b) is the vector after the current is balanced.
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It can be observed that the output powers only contain DC
components (Py1, Q1) and twice-order harmonic components
(P21, O21). Since the magnitude of negative sequence voltage at
PCC (¥peer) s usually smaller than that of positive sequence
value (V'peef) for most asymmetric faults [33], i.e., P21, Qa1 are
far less than Py, Qi1, thus this paper only considers the effect
of power coupling between Py; and Q11 shown in Fig. 3 below,
whereas the coupling between P»; and (> is not taken into
account.

peef \ 4
V\\K peefn
DAY

Q

() (b)
Fig. 3. The phasor diagrams of the power coupling mechanism for positive
sequence components including (a) reactive power coupled with real power,
and (b) real power coupled with reactive power.

In Fig. 3, the positive sequence PCC voltage (v'per) and
current (i) are selected to illustrate the coupling terms. The
original current in positive sequence before changing iy and its
active and reactive components, i.e. £"po and o are represented
by green arrows. The deviation components of i'po and i'qo
denoted as Ai'p, Ai'q are represented in red solid arrows, in
accordance with power references (Pret, Orerin Fig. 1) change.
In Fig. 3(a), when Py increases, i'po will accordingly increase
by Ai'p, as marked by red solid arrow. Then, the positive
sequence voltage of PCC will change from v*pecr to v pecn with
a variation of angle difference between PCC voltage and grid
voltage (Adp) and magnitude deviation Av'p, due to the voltage
propagation characteristics along grid side impedance, i.e., (Rg+
jCOLg)'Af L-

As a result, the projection of Ai'p on the qpew axis is not null
(denoted as Ai*qin Fig. 3(a)), which will increase the reactive
power. Thus, coupling reactive power component is produced
after considering effect of the Adp.

Similarly, in Fig. 3(b), the reactive current i*qo will increase
by Ai*q when the Q. increases, as marked by red solid arrow.
Then, the PCC voltage in positive sequence will changed from
Voot t0 Vipeetn, With an angle variation Adg and magnitude
deviation Avq, as labeled in Fig. 3(b).

As a result, the projection of Ai*g on the vector of V¥ peerm is
not null (denoted as Aipin Fig. 3(b)), which is the coupling real
power component after considering the effect of voltage angle
variation Adg. Please note that Adp, Adq can be analytically
quantified and used for the calculation of power coupling
magnitudes, which can be utilized as the power compensation
for power decoupling of GVM-DPC. This mechanism is
explained in detail in Section I1I-B below.

In conclusion, the neglection of voltage angle variation of
PCC in conventional GVM-DPC will certainly lead to power
coupling issues. In the following section, the detailed GVM-
DPC model is introduced and the power-coupling components
are verified according to derivations. Then a power decoupling
strategy is proposed to improve the transient performance of
GVM-DPC method.

III. THE POWER DECOUPLING STRATEGY FOR GVM-DPC

A. Limited Capability of Power Decoupling of GVM-DPC

In Fig. 1, one can obtain the state space equation of positive
sequence output powers Py, Oy (denoted as Py and Qi in Eq.

2)):

dP° 3 dv' di* v’ dit
_/:_(fr "_“""4_‘;r $+I.+ L""_,_V* __Lr
dt 2 VLe gy el g Lt el Jt (3)
0" 3 dv' di* v’ dit
S (l+ pecf + La l-+ pecfa v+ LA )
A2t dr e dr e dr e dy

where v¥peera, Vipecrs are assumed to be ideal voltages without
considering voltage angle variation (Ad) in conventional GVM-
DPC, shown in (1). This assumption lacks rationality when VSI
connects to weak grids with higher grid side impedance, as
discussed in Section II. Thus, the grid voltages can be modified
as follows:

V. = Vi COS(@11 + (1)) “
:ctr,/j = pecf Sin(wft + (D(t))

where the angle difference ¢(t) can be represented as,
P;X P Q:’R "

+ + +32
PR +0"X +(V, )
One can differentiate (4) w. r. t. the time ¢ and substitute it into

3):

¢(t) = arctan %)

P Rp (0 +9 ()0 + >,
-, T\ PR
ag+ L 2L (6)
. R 3
—L =(,+p ()P ——=0" +—
=@+ g )P 0+,

where up and up are defined variables used for feedback
linearization method [33]. It can be founded that the coefficient
wrt@’(¢) in (6) is a time-varying value corresponding to output



powers of VSI (P'; QY), thus it cannot be decoupled by
conventional feedback linearization method in GVM-DPC, i.e.
set up and up as follows:

2lo, !
u, = Q/ + Kp.pel, + ij'ep (r)dzr
3 g ()
2lo, . &
Uy =~ PT+ K. +KQ’iJ.eQ(T)dT

0
where ep and eq are the errors between the reference (Pref, Orer)
and Kp,, Kpi, Ko p, and Ko are the coefficients of PI controllers
for real and reactive powers. In the conventional GVM-DPC,
the modulated voltages for PWM (Vinv,4, Vinvg shown in Fig. 4)
can be obtained by substituting (7) into (8):

+ + 2 +
V+ _ pecfa uP + vpccf./i uQ + I/pc‘:fvpcuf,u
iva 2
Vpccf ( 8)
+ + 2 +
+ _ peefp P Vpccf.rz uQ + VPCCfvpccf.ﬁ
inv,3 - VZ

pecf

where Vet is the amplitude of PCC voltage. Please note that
substituting (7) into (6) yields:

d])/Jr R + ! + 3 l
TZ_ZP/ —(D(t)Qr +Z(KP’”6P+KP’1-([6P(T)dT) (9)

aor R . 3 f
= =@ (t)P/+ _ZQ/ +E(KQ,1'8Q +KQ,i'([eQ(r)dz')

Eq. (9) shows that the positive sequence real and reactive
powers are not fully decoupled after using feedback
linearization. Thus, it is essential to propose a power decoupling
method for GVM-DPC-based VSI under unbalanced voltage
system, which will be introduced in Section III-B as follows.
Please note that in the steady state, the phase angle difference
of PCC voltage and grid side voltage is nearly a constant value,
so its deferential signal ¢’(¢) equals 0. In this case, the real and
reactive powers are effectively decoupled in conventional
GVM-DPC as shown in (9). Thus, this paper only considers the
dynamic process of power coupling issues.

B. Proposed Power Decoupling Strategy for VSI Connected to
the Unbalanced System

To decouple the coupling components of positive sequence
real and reactive powers, two DFPCs are added into the power
references in GVM-DPC, i.e., Pcom and Qcom, shown in Fig. 4.
The Pcom and Qcom are coupling magnitudes of positive
sequence real and reactive powers in accordance with Ai*p and
Ai*qin Fig. 3, which is derived as follows.

According to Fig. 3, the output real and reactive powers w.r.t.
the active and reactive current deviations (Ai'p and Ai*g) are:

+ |t ot ot | 2 ot
P =V -[zw +AQ|SINAS, +i cosAéQ} (10
O =[ppea|-[Ji, + 407 [sin AG,+ |, cosAS, |

) Inverter T n
- I nbalance
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STBLap, ILabe Vpec,abe | Mtem

L g Rg V.
g
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l.L’,,/gl Vpecf,op

Power Calculation In
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*+ i - .
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Voeef, ap | L

+ "
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Fig. 4. Feedforward decoupling control in an actual GVM-DPC system.

where P;h , Q;h are the real and reactive powers of VSI in

accordance with currents change by Ai*p and Ai'q. v peem 1s the
positive sequence voltage at PCC after the changes of Ai*p or
Ai*q, and the i'pp and i"qo represent the corresponding positive
sequence currents at equilibrium point. Eq. (10) can be derived
based on the analysis of Fig. 3 as follows.

When real power reference (Prr in Fig. 1) increases, active
current i'pg of i"L would increase by Ai'p based on the GVM-
DPC, as marked by red solid arrow in Fig. 3(a). Then the
positive sequence voltage v*pecr Will change to v*pecsn with angle
variation Adp by considering the angle difference on grid side
impedance. In this case, the new reactive power Q;rh can be

derived by multiplication of voltage magnitude | v'pecrn | and
reactive current: | i potAi'p [SINAJp +| i*Qo|COSAT,.

Similarly, when reactive power reference (Qrr in Fig. 1)
increases, reactive current of i*;, would accordingly increase by
Ai*q, as marked by red solid arrow in Fig. 3(b). Thus, v*pccrwill
increase to v'pecqa With angle variation Adg. Then, the new real
power Pfh can be calculated by multiplication of voltage
magnitude | v*peera | and active current, i.e., | i'qotAi*g [sinAdg
+| i"po|cOSAdq.

In (10), the voltage angle variation of angle difference
between PCC voltage and grid voltage, i.e. Adp and Adq, are
derived as follows:

AS, =K, p5 XAP an
ASy = Kyp5 XAQ

where AP= Pri—P'r, AO= Orr—Q'r , and both of them are
denoted by ep and eq, setting as control inputs of the DFPC
blocks, as shown in Fig. 4.
The coefficients (Kaps, Kags) in (11) can be calculated by the
inverse of the Jacobian matrix in (12), as shown in (13).
oP oP
AP 105 U || A
AQ 00 00 || AU

06 oU

(12)
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oP OP
|:KAP§ KAQ§:|: 5 E (13)
Kyru KAQU @ @

06 oU

Therefore, for the positive sequence network, the elements in
the Jacobian matrix in (12) can be analytically expressed at the
equilibrium point [34]:

oP 1 . . .

i W(_ Voot | Ve Ry SIN G, + |V |V X, cosﬁo)

P = %(VHRH coso, +V, X, sin50)

oUu R +X, (14)
gY 1 . . N

% = W(— Vioeet |[Ve Ry SIN G, —|Voeir | Vo X, cos&n)

00 1

—=———(V,X_cosd,—V,R, sing,

oU Rg2+Xg2(g g 0 "¢l 0)

where v',.r can be measured by using conventional delay signal
cancellation (DSC) [39], which can extract positive and
negative sequence signals by introducing a 1/4 period time
delay shown in Fig. 5. x“?(¢) is a time-series signal in o-f
reference frame. xp?(f) and xn*(¢) are the corresponding
positive and negative sequence signals.

x(llﬂ)(t) i

Time delay

Fig. 5. Delay signal cancellation

In (14), oo represents the steady-state angle difference between
positive sequence components of PCC voltage (v*pecr) and grid
side voltage (V*; £0), which can be pre-calculated by PMU
measuring. Also, the grid side impedance (R,, X,) can be
measured by online impedance detection techniques [42]-[44].

Finally, the DFPC for real power channel, i.e., Pcom =P —
P*p can be obtained as (15), where P*p is the positive sequence
real power at equilibrium point. | ¥*pecrn | is the amplitude of
positive sequence voltage, and Av denotes its amplitude
deviation derived as (16), where Kapyand Kapu can be obtained

by (13).

P, = |v;ccfn -Hi;ﬂ +Ai|sin Ad, +|i! |cos A5Q}—P:J
L Av; N N (15)
:Q, sinAd, + 1+|+— P{O cosAd, —PfD
peefn
Av, =K, XAP
P APU (16)
Avy =K,y xAQ

For the simplification of real power compensation, sinAdp
and cosAdp in (15) are linearized as Adp and 1, respectively.
Then, (15) is simplified to (17) based on (11) and (16), where

"/ is the positive sequence reactive power of VSI.

Kyou e;

P’ a7

1o

+ &
Fom = KAQ&‘Q/ e+

- | Vpeer |

Similarly, the reactive power compensation block can be

simplified to (18), where P'sis the measured positive sequence
real power of VSL

Oeom = KAP§P,+e:+I‘<Ai—UeI’Q+ (18)

Please note that the proposed method will not affect the
steady-state performance and ripple cancelation of GVM-DPC,
since it only extract positive sequence PCC voltage and current
to generate coupling real and reactive powers as two
compensation components for GVM-DPC, and the power
errors (denoted as Prer-Ps", Orer-Qs' in Fig. 4) are zero in steady-
state, so the outputs of the proposed DFPC block are nearly zero,

which will not affect the steady-state performance.

C. Discussion of Proposed Power Decoupling Strategy

Most of the power decoupling researches focus on power
coupling mechanism in the high resistance/inductance ratio
(R/X) connecting line systems [24]-[29], indicating that when
the resistance equals inductance, the power coupling of VSI
will be severer. On the contrary, when the connecting line from
VSI to power grid is inductive, the powers will be decoupled.
Thus, the virtual inductance methods are proposed to reshape
the connecting line to be inductive by adding a virtual
inductance into the VSG control loop. However, the decoupling
performance can be deteriorated since the method only
considers the effect of impedance angle, ignoring the influences
from PCC voltage angle variation and its magnitude
perturbation when the output powers of VSI change, which is
illustrated by phasor diagram in Fig. 3 of our paper. Please note
that the power coupling in positive sequence is severer even the
connecting line is inductive, and its proof is shown in Appendix,
where some conclusions can be drawn from (44):

i) If the VSI is connected to a strong grid where grid side
inductance is small enough (i.e., X,=0), the output powers of

VSI can be fully decoupled since the real power only depends
on active current and reactive power only depends on reactive
current.

ii) On the contrary, if the VSI is connected to a weak grid
where grid side inductance X, increases, the coupling
coefficients between real power and reactive current, reactive
power and active current will increase accordingly, indicating
the severer occurrence of power coupling.

D. Stability Analysis of GVM-DPC-based VSI in Unbalanced
System based on Impedance Model

The stability of the control system under unbalanced grid
voltage condition is analyzed in this section based on the
impedance model. Firstly, the impedance model of VSI system
is established in part (1) where the closing loop relationship
between PCC voltage and current is described, then the Nyquist
stability criteria is introduced in part (2) based on the impedance
model. Please note that the VSI terminal voltage is separately
controlled in positive and negative sequence under unbalanced
grid voltage system, where positive sequence terminal voltage
is controlled as (8) shown and negative sequence terminal
voltage is controlled in traditional PC block to eliminate
negative sequence output currents as shown in [19]. The VSI
stability can be guaranteed when both positive and negative
sequence impedance models satisfy Nyquist stability criteria. In
this paper, only positive sequence impedance is introduced



since this paper only considers the power decoupling effect in
positive sequence system, which is proved that it will not affect
negative sequence impedance in this section. The negative
sequence impedance can be derived in a similar way.

(1) Impedance Model of VSI Considering Power Decoupling
Effect

Firstly, the dynamics of VSI terminal voltage v'iy, in terms
of v'ec and 'L e under stationary reference frame should be
deduced. By substituting (7) into (8), the terminal voltage can
be derived as:

v =LK, (4,+B,)+KD, +Ca)+v;u:a 19)
v_+_ﬂ =L(K, (4, +B,)+K.D, +Cﬁ)+v;5£

inv,

B

where A, Ap, Ba, Bp, Co, Cp, Do and Dy can be represented as
(20), (21). K, and K; are parameters of PI controller, which are
denoted with Kp,, Kp, Ko p, and Kp;in (7).

+ o+ +.+ + o+ + o+

- 2(P/ Vpcd.a + Q/ vpccf,/f ) - 2(P/ Vpcd.ﬂ Q/ Vpccf.a )
) s [ r 3t [
peef pect
+ + +
B Z(Refvm,;a + ref‘)‘mﬂ) _ 2(Prefv;cw 'Qrefvw_a) (20)
a = R 2 ’ B N
3lv 3y
pecf pecf
+ o+ +.+ +. o+ + +
—_ 20)‘ (P/ vnccﬁ/f B Q/ vpccf.a ) _ 2(0‘ (Q/ Vpcd,/? + P/ Vpcd.a )
Co=- 2 Cp = 2
3v* _ 3"
pecf peef
2V+ £, 2V+ £,/
_ pecf,a + pecf +

DtZ - N ZJ‘(Ref_P, )+ zj(Qret‘_Q/)

3 vpcc( |vPCCf (21)

2v* *

vpccf B + 2Vpccra +

Dy == [(Py = P)=———[(0 ~0")

3|vPCCf | peef

Substituting instantaneous powers Pj;, Q11 in (2) into (19) to
simplify A,, Ap, C, and Cp as follows,

o o _ . e
A“ - l].,a ’A/j - lL,ﬂ ’C“ - a)fll_./: ’Cﬁ - a)flL.a (22)

For the linearization of B, and Bg, the transfer function of
Band-Pass Filter (BPF) in Fig. 1 is defined as:
28w, s
e LI )
s*+20 0,5+ oy,
where wr, and (r are the natural frequency and damping ratio of
BPF. The coefficients B,, Bscan be linearized as (24), assuming
that the |[v*peer|? is @ constant value after the BPF [30].
2P, 2
ref V+ + Qref v+

2 peef B

~
Ba pecf

+ +

pectb

2P

ref +

pectd

_ 2 Qref V+

2 pefa

24

s . 2 peef.p N

pecfb
For the linearization of D, and Dg, P*yand Qs are presented as
(25) where © and @ denote the dot product and cross product
of two complex vectors. Py and Qg are DC components where
subscript b in i*Lp, V'peep denotes fundamental frequency
component. P, and Q,. are harmonics with oscillation
frequency we-wn, where wris fundamental frequency and wy, is
the harmonic frequency. v*,.. and i, can be written as (26),
(27), where subscripts h denotes the harmonic order.

pectb

(25
3 + + 3 + +
O, = ——i’ ®@v' |+ —-—i
2 L.b peeb 2 Lh pech
Qse Ouc
v+ = vtch vtcfh
N N (26)
= V;m,, +Z F(jo, )v:mh + j(";wh +z F.(jo, )V:ccﬁ,, j
h=l =

N N
ot et ot ot s P s s
lL - lL.b +lL,h lL.ub +hZI:lL,ah +‘](lL,ﬂb +;luﬂ\j (27)

From (21), (25), it can be assumed that the integrals of Prep-Pac
and QOrrQd are approximately zero in steady states, i.e.,
(PP, | QdC:eref, which will not affect the harmonic
stability of the control system. However, this approximation
lacks rationality when real or reactive power changes, since the
power coupling components still exist and shown in (17), (18)
above. When P.s changes, one can obtain D, and Dy by
substituting coupling reactive power component in (18) into

21):

.. v
D, = [ By [P+
v v
pecf peef 2 (28)
2y, ccf + K pu + V:Ccf
L [ (K s PP+ 07 )% (B = RO =2 [ (<0,.)
3 v+ccr v"cc" 3 v+cct
Qcoupling
2v CC] 2V ccl,a
D, ==L (P~ )+ [(=P)+
3 vpccf 3 vpccf (29)
2Vpccf B K APU 2Vpccf B
(Ko P+ T220,0) % (B = B+ [(-0,)
3 Vs pecf 3 Vet
Qcoupling

Noted that J(P = Pg;) and J(KarsP"r+KapuQ /v peci) X
(Pret-Pac)) in (28), (29) are nonzero when Pt begins to change,
which will definitely affect the transient stability in harmonic
domain. However, they are complicated time-varying variables
corresponding to the operation state of VSI, so it is hard to
linearize D, and Dy in (28), (29) at a certain operation point.
Thus, in order to study the transient stability of traditional
GVM-DPC, Lyapunov method can be proposed to study the
stability under the effect of power coupling, which can be a
future work of this paper. Nevertheless, the stability of the
proposed DFPC-based GVM-DPC can be analyzed by
impedance model, since the complicated integral term is
effectively reduced to nearly zero by adding DFPC power
decoupling components, i.e., J(Pret-Pac) 0, [(Orer-QOuc) 0. Then,
in transient stage, D, and Dy can be linearized as shown in (30)
after utilizing the power decoupling method.

+ + .+
2v Q.—v P N

~ _ L pecha pecf,p AC _ L. ph
a ~ 2
3 + h=1 Wy — ),
pect (wf -, ) f h
R, . (0
— N
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B ~ 3 2 ~
+ — h=1 Op — @,
v (o —,)




Finally, the transfer matrix of i*y and v*c to v'iny can be
derived by substituting (22), (24), (30) into (19), shown as (37).
Considering the harmonic components relation of v*i,yand v*ycc
shown in (31), (37) can be reorganized as (32), where Zvys:
represents the impedance model of the proposed DFPC-based
VSI system. Similarly, when Qs changes, power coupling
components in (17) in D, and Dg can be decoupled and the
impedance is the same as shown in Eq. (32).

View | [R+sL 0 0 | | Vi
= +| ™ 3D
+ 0 R+sL || it vt
pec,fh [ —... | [ ¥V inv,h
e = (I - ]::v )_1 (Zsi + Zci ) - (32)
+ i+
pec.fh Zyg Lfh
(2) Stability Criteria

The impedance model in (32) is transformed into a sequence-
domain diagonal matrix by using the method proposed in [30],
then the stability can be estimated by SISO Nyquist stability
criteria.

Equation (32) can be generally expressed as follows:

l:vpCWh :I =Zyy |:ZL’ah }ZVSI = |:ZW Zaﬂ:| (33)
Voce,ph It pn Zﬁa Z BB
The equivalent sequence domain impedance can be derived as,
Zaa( )+ Z(5) j Za(8) = Zop(5)
2 ’ 2
Zyg(5)= Z,4(8) ; Zy() j Z o (8) ;r Z,y(5)
where subscripts p and n denote positive and negative sequence
components. The negative sequence impedance is zero due to
the symmetrical characteristic of the impedance matrix, i.e.,
ZaoS)=Zps(8), Zpa(S)=-Zap(s), only Zysiy is selected for stability
analysis. Please note that the zero Zysi, indicates that the
positive sequence voltage will not induce negative sequence
current, and negative sequence impedance will not be affected
by the proposed DFPC values in positive sequence.
The weak grid impedance can be derived as follows:
Zya($)=L,s+R,

ZVSI.p (s)= (34)

(33)

Then, the closed-loop transfer function H can be derived as
(36):

1
H.=17 Gy () (36)

where Gop(8)=Zgrid(s)/Zvsip(s) is the feedback characteristic
equation, which can be treated as the open-loop transfer

KL

-+

KL
Lo —s/j

~oL LK,

in Fig. 6(a) the coupling magnitude of reactive power Q
increases to 200Var when P reference is changed from 500W
to 2000W at 0.1s, and in Fig. 6(b) the real power coupling
magnitudes reaches 500W when Q reference is changed from
OVar to 2000Var at 0.25s. Please note that the second order

. LK, - oLl
[vvn».ah ‘| _ O =S / J |f|..m

Lh

function of H;. According to linear-control theory, the stability
of the close-loop transfer function H, can be guaranteed if the
open-loop transfer function Gos(s) satisfies the Nyquist stability
criterion.

IV. CASE STUDY

In this section, case study is carried out in
MATLAB/Simulink, Simscape Power Systems to verify the
proposed power decoupling method for GVM-DPC under
unbalanced voltage system shown in Fig. 4. The parameters of
controller and grid system are shown in Table I.

TABLEI
SYSTEM PARAMETERS IN THE SIMULATION SYSTEMS
Symbol Parameter Value Unit
Ve Nominal grid voltage 133 A%
Vae DC-link voltage 250 v
f Nominal grid frequency 50 Hz
R Filter resistor 0.12 Q
L Filter inductance 10 mH
Ry Grid side resistor 0.12 Q
Ly Grid side inductance 1 mH
Sow Switching frequency 10 kHz
Ky Proportional control parameter 10000
of PI controller
Ki Integral control parameter of PI 10000
controller

First, in Subsection A, the coupling situation of GVM-DPC
is tested under the unbalanced grid voltage condition with
phase-A dropping to 0.9 p. u.. In this case, coupling components
of positive sequence real and reactive powers are presented,
which are the control inputs of the proposed DFPC power
decoupling method. Also, the power decoupling performance
of the DFPC is presented. In subsection B, C, different voltage
drop magnitudes and power references are tested to verify the
effectiveness of decoupling performance, and in Subsection D,
the robustness of DFPC-based VSI is validated by setting grid
side impedance parameter mismatches and distorted grid
voltage conditions.

A. Phenomenon of Power Coupling under Unbalanced Grid
Voltage Condition

The performance of power coupling of VSI under
unbalanced grid voltage condition (phase-A dropping to 0.9 p.
u.) using the traditional GVM-DPC is presented in Fig. 6, where

2P LK F.(s 2LK QO . F.(s
miPw +F.(s) Y’Qi’e'z'()
3 [} (37)
2LK F.(s 2P LK F,(s +
_ PQre( 2(( ) ref P zf( )+Ff(S) Vpcu.ﬁh
3 Vpccfb 3 vpcctb

power ripples (P12, Q12 in (2)) cannot be eliminated when
output currents of VSI are controlled to be balanced as shown
in real and reactive power figures (P, Q) in Fig. 6, thus, the real
and reactive powers of VSI cannot be directly utilized as the
control inputs of DFPC-based control block, which will



introduce more harmonic components into the output powers of
VSI. Alternatively, positive sequence real and reactive powers
(Pseqs Oseq) can be calculated via DSC as the control inputs of
DFPC, which avoids the influences of power ripples on
decoupling operation as shown in Fig. 6. In Fig. 6(c), (d), the
coupling components (AP and AQ) of real and reactive powers
are reduced from 500W and 200Var to zero respectively when
DFPC is adopted, with 100% effective reduction. It is noted that
when the coupling powers are reduced to the power ranges: Prer
+ 100W or Qrr+ 100Var, the coupling magnitudes (AP and AQ
in figures) are assumed to be zero.

Also, the steady-state performance of output powers after
utilizing the proposed DFPC method is discussed as follows.
For the reactive power, as shown in Fig. 6(a), (c), the magnitude
of power ripple after using DFPC is 100Var when real power
increases from 500W to 2000W at 0.1s, which is almost the
same with that of conventional GVM-DPC. For the steady-state
operation of real power as shown in P of Fig. 6(b), (d), the
power ripple magnitude is 100W after using DFPC when
reactive power increases from OVar to 2000Var at 0.25s, which
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is nearly the same with that of GVM-DPC. Moreover, it can be
seen that small amounts of harmonics are included in the output
powers in steady state after using the proposed method, but it is
within an acceptable range which could also be eliminated by
output filter design of VSI.

B. Phenomenon of Power Coupling under Different Voltage
Drop Magnitudes

To test the decoupling performance of the proposed method
under grid conditions with different voltage drop magnitudes,
phase-A voltage magnitude is set to be 0.9 p. u., 0.8 p. u., 0.7 p.
u., and 0.6 p. u., respectively, shown in Fig. 7 below. From Fig.
7(a), (b), it can be observed that when the real power increases
from 500W to 2000W at 0.1s, the reactive power coupling
magnitudes AQ are nearly the same, both of which reach
150Var under 0.9 p. u. and 0.8 p. u. phase-A voltage conditions.
After utilizing the proposed DFPC method, the reactive power
coupling magnitudes AQ are reduced to zero, with 100%
reduction performance, as shown in Qqeconp in Fig. 7(a), (b).
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Fig. 6. Dynamic comparison of VSI using traditional GVM-DPC and the proposed DFPC method under the unbalanced voltage system with phase-A drop to 0.9
p. u. (a) reactive power coupling when real power changes, (b) real power coupling when reactive power changes, (c) reactive power decoupling result by the

proposed DFPC, and (d) real power decoupling result by the DFPC.
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Fig. 7. Performance of VSI power coupling by traditional GVM-DPC and the decoupling results by the proposed control method under different voltage drop
magnitudes. (a) and (b) are reactive power coupling results of traditional GVM-DPC and decoupling results by DFPC under grid voltage conditions with 0.9 p. u.
and 0.8 p. u. phase-A voltages. (c) and (d) are real power coupling result of GVM-DPC and decoupling results by DFPC under 0.7 p. u. and 0.6 p. u. phase-A

voltages.
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From Fig. 7(c), (d), when reactive powers increase from OVar
to 2000Var at 0.1s, the real power coupling magnitudes AP are
450 W and 400W respectively under 0.7 p. u. and 0.6 p. u.
phase-A voltage conditions, and they are reduced to zero with
100% reduction after adopting the proposed method. Please
note that larger power ripples exist in steady state when the
voltage drops from 0.9 p. u. to 0.6 p. u. as seen from real and
reactive power figures in Fig. 7(a)-(d), due to the occurrence of
the larger negative sequence voltages in output powers P12, Q12
in (2). Moreover, from Fig. 7 it can be seen that there is no
impact on steady-state performance and power ripple
cancelation performance after using the proposed power
decoupling method, as analyzed in Fig. 6 above. Nevertheless,
this paper only considers the power coupling issues of positive
sequence real and reactive powers in transient stages, the steady
state power ripples are not the focus.

C. Performance of Power Decoupling under Different Power
References of GVM-DPC

In this section, power decoupling performance with different
power references in GVM-DPC under grid condition with two-
phase-to-ground fault (Phase A&B voltage drop to 0.9 p. u.) is
tested and shown in Fig. 8, where in Fig. 8(a) the real power P
increases from 500W to 1400W, 1800W, 2200W at 0.1s,
respectively. It can be founded that, the coupling magnitudes of
reactive power increases in accordance with the increases of
real power references, reaching the maximum value of
AQ=210Var, as shown in the zoom in figure of Q (denoted as
O.0om in Fig. 8(a)). In Fig. 8(b), the coupling magnitudes of real
power increases as well when reactive powers Q increase from
OVar to 2200Var at 0.1s, reaching the maximum value of
AP=480W, as shown in P.m in Fig. 8(b). Fig. 8(c) and (d)
show the decoupling results of real and reactive powers after
using the proposed method. It can be seen that the reactive
power coupling magnitude AQ is reduced from 210Var to 0Var
with ideally 100% reduction capability, and the real power
coupling magnitude AP is reduced from 480W to 30W, with 93%

reduction performance.
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Fig. 8. Performance of power decoupling under different power references in
GVM-DPC when two-phases-to-ground fault occurs. (a) and (b) are power
coupling results in GVM-DPC when P changes from S00W to 1.4kW, 1.8kW,
2.2kW and Q changes from 0 Var to 1.4kVar, 1.8kVar, 2.2kVar. (c) and (d) are
power decoupling results in accordance with (a) and (b).

D. Robustness of the Proposed DFPC under Parameter
Mismatch and Harmonic Distorted Grid Voltage Condition

As described in (14), the grid side impedance R,, L, is
required for the DFPC-based power decoupling method. Hence,
it is necessary to test the robustness of the proposed method
under different percentage of errors of parameter mismatches,
as shown in Fig. 9(a). It can be seen that the coupling magnitude
of reactive power (AQ) reaches 150Var when real power
increases from 500W to 2000W at 0.1s. After using the
proposed DFPC method with accurate parameter detection, AQ
drops to OVar with 100% reduction performance. However,
when the parameter mismatch error is set to be 20% and 30%,
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decoupling results with parameter mismatches reaching 30% errors under
unbalanced system. (c) is the coupling and decoupling results under unbalanced
system when a 3™ harmonic component is emulated for phase-A voltage. (d) is
the power decoupling results of the proposed method under voltage swell
system when single-phase-to-ground fault occurs.

the coupling magnitudes will be increased from OVar to 50Var,
with 67% reduction performance of decoupling, which is still
within acceptable range. Besides, different grid voltage
conditions with 3-phase balanced voltages and harmonic
distorted voltage are also explored, as shown in Fig. 9(b), (c).
From (b), it can be seen that the proposed method is also
suitable for the balanced voltage condition, which can
effectively reduce the coupling magnitude of reactive power
from AQ=150Var to AQ=25Var when real power increase from
500W to 2000W at 0.1s, with 83% reduction performance.
From Fig. 9(c), a 3" order harmonic component is set for phase-
A voltage with maximum magnitude of 0.9 p. u. It can be
observed that the coupling magnitude of reactive power can be
reduced from AQ=60Var to AQ=5Var with 91% reduction.
Consequently, the robustness of the proposed DFPC method
against different voltage conditions and parameter mismatch is
verified. Finally, voltage swell condition is also tested in this
section, which often occurs as a result of single-phase-to-
ground (SPTG) fault in an ungrounded system. From Fig. 9(d),
the SPTG fault happens at 0.1s, with phase-A, B voltages
swelling to 1.1 p. u., and phase-C voltage dropping to 0.9 p. u..
It can be seen that when real power increases to 2000W at 0.1s,
the coupling reactive power magnitude is effectively reduced
from 270Var to 50Var, with 81% reduction performance.

Noted that the large power ripple in Fig.7, 8, 9 cannot be
further eliminated when output 3-phase currents are controlled
to be balanced and sinusoidal in this paper, thus the output
powers are mostly 2™ order harmonic components denoted by
P12, O1» as shown in (2). It has already been proved that the
ripples in real and reactive powers cannot be eliminated
simultaneously [12]. Normally, there are 3 control methods to
constrain power ripples, e.g., maintaining the sinusoidal
currents, keeping constant real power, or removing the ripples
of reactive power [12]. This paper selects the first control
scheme to obtain the 3-phase balanced-sinusoidal currents, so
the power ripples in real and reactive powers cannot be fully
eliminated.

E. Comparison with traditional virtual-inductance-based
power decoupling method

Conventional virtual impedance method (VIM) for virtual
synchronous generator control (VSG) is selected as a
comparison to clarify the contribution of the proposed DFPC
method for GVM-DPC [24]. The VIM is widely adopted in
VSG to reshape the predominately inductive connecting line so
as to reduce the coupling magnitudes.

As discussed in Section III-C, the “predominant inductive
line” indicator cannot reduce the coupling magnitudes when
grid side impedance increases in weak grids, since it only
considers the effect of impedance angle without considering
voltage angle variation and its amplitude perturbation when
injected powers change. To verify this, Fig. 10 shows the power
decoupling results of VSG-based VSI using VIM and GVM-
DPC-based VSI with the proposed DFPC in the unbalanced
system (phase-A voltage amplitude dropping to 0.9 p. u.). The

control parameters of GVM-DPC can be seen in Table I, and
VSG refers to [24], [45]. The grid side impedance is set to be
12mH, which is large enough to test the drawback of VIM.
From Fig.10(a), (b), when real power of VSG-based VSI
increases to 1 p. u. at 1s with virtual impedance x,=0 p. u., the
reactive power decreases from 0 to -0.24 p. u. accordingly.
When x, increases from 0 to 0.6 p. u., coupling magnitudes of
reactive powers increase as well, indicating that more reactive
powers will be absorbed by VSI from power grids which will
eventually leads to system destabilization. However, the
coupling reactive power can be effectively decoupled by the
proposed DFPC method, with magnitude dropping from 0.22 p.
u. to 0.03 p. u., as shown in Fig. 10(d).
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Fig.10. Comparison of power decoupling performance of VSG-based VSI using
VIM and GVM-DPC-based VSI using the proposed DFPC method. (a), (b) are
real and reactive powers of VSG-based VSI using different virtual impedances.
(c), (d) are real and reactive powers of GVM-DPC-based VSI using the
proposed method.

F. Stability case study

The stability of the proposed control system is tested in this
case, which is studied by the Nyquist stability analysis on G,
(s).

For a weak grid system with phase-A voltage dropping to 0.9
p. u., the grid side impedance is set to be 10mH. All the
parameters are set according to Table I above. When the VSI is
controlled to output real powers from OW to 1000W, 1300W,
1400W and 1500W respectively, the Nyquist diagram near the
critical point (-1, 0) is drawn in Fig. 11 below. It can be seen
that, when the Ps increases from 1000W to 1400W,
characteristic loci of G, (s) move close to the critical point
without encircling it, indicating the systems are stable.
However, the locus begins to encircle the critical point when
Pr=1500W, indicating that the system begins to destabilize.
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Fig.11. Nyquist diagram of G (s) under different power references after power
decoupling. (a) is the Nyquist diagram and (b) is its zoom in plot near critical
point.

A time-domain simulation is carried out to prove the
correctness of stability analysis. Fig. 12 shows the stability
performance of the GVM-DPC-based VSI system when Prer
changes from OW to 1000, 1300, 1400 and 1500W at 0.1s,
respectively, where Fig. 12(a) shows the conventional GVM-
DPC performance and Fig. 12(b) shows the simulation results
of the proposed DFPC-based VSI system. From Fig. 12(b), it
can be seen that when Pyt changes from OW to 1000, 1300, and
1400W at 0.1s, the systems are still stable while it is
destabilized when Prr reaches 1500W. Simulation results of
DFPC-based VSI show consistency with the impedance
analysis.
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Fig.12. Real and reactive powers when rated real powers are 1000W, 1300W,
and 1500W. (a), (b) are powers before power decoupling and (c), (d) are powers
after power decoupling.

V. HARDWARE IN LOOP TEST

The proposed DFPC power decoupling strategy is also
validated through an HIL test system shown in Fig. 13. The
control parameters and grid side impedance can be changed via
communications with a control computer. The grid-connected
VSI using GVM-DPC and DFPC scheme is represented by
detailed EMT models in the RTDS. The proposed DFPC
method is implemented in VSI control system established in
RSCAD. The sampling time is 1 ps to capture the switching
dynamics of converter. Also, the PC control block is included
in the system to control negative sequence real and reactive
powers to be zero, so as to obtain 3-phase balanced output
currents of VSI. To eliminate the positive sequence quantity,

the delay signal cancellation (DSC) method [39] is adopted in
PC control block for the sequence separation. The DSC extracts
the positive and negative sequence with a time delay of 1/4 of
the signal period, which is widely used to improve PLL or VSI

control under unbalanced grid conditions [39]-[41].
RTDS

Fig. 13. HIL test setup with RTDS

Two different cases are tested, i.e., balanced grid voltage
condition and single-phase-to-ground fault condition. For the
balanced system, the proposed DFPC method can effectively
eliminate coupling powers in the transient stage, as shown in
Fig. 14(a) below. It can be observed that when real power
increases from OW to 2kW at 0.4s, the coupling magnitude of
reactive power reaches 1200Var at 0.45s. When the proposed
method is utilized, the coupling magnitude of reactive power is
reduced from 1200Var to OVar at 0.45s, with 100% reduction
of coupling component. Besides, the dynamic of real power is
improved by using the proposed method.
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Fig. 14. Power decoupling performance under different grid voltage conditions.
(a) is 3-phase voltages balanced system and (b) is the unbalanced system. (c) is
the angle variation result (dp) when Prr change from OW to 2000W.

For the unbalanced grid voltage system with phase-A drops
to 0.9 p. u., the decoupling performance is verified and shown
in Fig. 14(b). From Fig. 14(b), it can be seen that large power
ripples are produced due to the unbalanced grid voltage system.
When real power increases from OW to 2kW at 0.4s, the
coupling magnitude of reactive power reaches 1300Var at 0.45s.
When the proposed DFPC is utilized for GVM-DPC, the
coupling magnitude is reduced to nearly zero at 0.45s with 100%
reduction performance. Fig, 14(c) shows the trajectories of the
angle difference of PCC voltage and grid side voltage in
positive sequence denoted by Adp in Fig. 3 above. It can be seen
that the Adpincreases from Orad to 0.2 rad when real power rises
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from OW to 2000W at 0.4s, which indicates the occurrence of
power coupling in that short period. Then it decreases to zero
when real power remains at a steady state, and the power
coupling component does not exist in this situation.

VI. EXPERIMENTAL RESULTS

An experimental setup is established to validate the
effectiveness of the proposed power decoupling method. A 3-
leg 3-phase 1kVA Danfoss inverter with an L filter is connected
to a chroma grid simulator via a grid side inductor as Fig. 15
shown. The control strategy is implemented in dSPACE1006
system to generate PWM signals for VSI, where the switching

pulses are generated via DS5101 digital waveform output board.

The unbalanced grid voltage condition is set in grid simulator
with phase-B dropping to 0.9 p. u.. The signals are measured by
LEM boards as shown in Fig. 15(a) with sampling frequency of

10kHz. All the parameters are set according to Table II.
TABLEII
SYSTEM PARAMETERS IN THE EXPERIMENTAL SETUP

the estimated inductance is lower than realistic value with -25%
error (estimated value: 1.35mH, realistic value: 1.8mH), the AQ
equals 20Var, with 75% reduction performance. To sum up, the
proposed method still could eliminate over 70% coupling
magnitude under 25% parameter mismatch.

Inverter

@ L Filter
| - B

@

Symbol Parameter Value Unit
Ve Nominal line-to-line grid 133 \%
voltage
Vac DC-link voltage 250 \%
f Nominal grid frequency 50 Hz
R Filter resistor 0 Q
L Filter inductance 7.2 mH
Ry Grid side resistor 0 Q
Ly Grid side inductance 1.8mH mH
Sfow Switching frequency 10 kHz
fa Sampling frequency 10 kHz
K, Proportional control parameter 12000
of PI controller
Ki Integral control parameter of PI 3000
controller

As seen in Fig. 16 (a)(b), the output 3-phase currents are
balanced under the unbalanced voltage system based on the PC
control block in Fig. 1. From Fig. 16(c), it can be observed that
coupling reactive power is produced when real power increases
from OW to 550W, with coupling magnitude of 160Var. Then,
the coupling reactive power decreases to zero when the VSI
system operates in the steady states. After utilizing the proposed
power decoupling method, the coupling magnitude of reactive
power (AQ) reduces to zero with 100% reduction performance,
as shown in Fig. 16(d). Moreover, it can be seen that the steady-
state performances of real and reactive powers are not distorted
by the proposed method, which mainly include twice order
harmonic ripple with period 0.01s, as shown in Fig. 16 (c)(d).
Also, small amounts of higher order harmonics can be seen in
real power in steady states before and after decoupling as shown
in Fig. 16 (c)(d), due to the harmonic distortion in voltage
condition.

For the discussion of robustness of the proposed method,
different parameter mismatches are set in the proposed DFPC
control system, and the VSI operates in a harmonic distorted
unbalanced voltage condition. From Fig. 17(a), it can be
observed that the reactive power compensation magnitude is
larger than realistic coupling magnitude when the estimated
grid side inductance is larger than real value with +20% error
(estimated value: 2.16mH, realistic value: 1.8mH), as a result,
AQ increases from OVar in Fig. 16(d) to 25Var in Fig. 17(a),
with 70% reduction performance (original AQ=83Var). When

Inverter: Grid side

i abe Vpecyabe inductance

§l

Measurement

Chroma Grid
Simulator

|
Controller |
" implemented!
in dSPACE |

(b)
Fig. 15. (a) Experimental setup for power decoupling control verification. (b)
Generic system architecture.
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Fig. 16. Test results of the proposed power decoupling method. (a), (b) are 3-
phase voltages and currents at PCC detected by LEM board under unbalanced
grid voltage condition with phase-B dropping to 0.9 p. u.; (c) and (d) are the
coupling component of reactive power and the decoupling performance of the
proposed method.
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Fig. 17. Robustness test when impedance parameters mismatches varying from
+20% to -25% under harmonic distorted system. (a) is power decoupling
performance under +20% parameter mismatch. (b) is power decoupling result
under -25% parameter mismatch.

VII. CONCLUSIONS AND FUTURE WORK

This paper proposes a power decoupling method for GVM-
DPC of the three-phase VSI connected to the weak grids under
unbalanced grid voltage system, where the DFPC is
implemented into the power control loop in GVM-DPC to
compensate the coupling powers. Compared with the traditional
GVM-DPC, the proposed method can effectively eliminate the
power coupling issues in weak grids with consideration of
positive sequence component of PCC voltage variations. Case
studies show that the proposed method can reduce over 80%
coupling magnitudes of both real and reactive powers for the
normal power regulation of VSI under unbalanced voltage
condition with different voltage drop from 0.9 p. u. to 0.6 p. u..
Besides, the robustness of the proposed DFPC is verified in
terms of harmonic distorted unbalanced grid voltage and
parameter mismatches, with performance of over 67%
reduction of coupling powers considering 30% error of
parameter mismatch and over 90% reduction of coupling
powers under harmonic distorted unbalanced grid voltages.
Also, experimental work validates the proposed power
decoupling method under normal and harmonic distorted
system, indicating that the reduction of coupling components
performance can be over 70% under 25% parameter mismatch
errors. Moreover, impedance analysis of the VSI system is
conducted after the powers are decoupled in the transient stage,
and case study result using different control parameters verifies
the stability analysis. The power decoupling of multiple VSIs
based on the GVM-DPC constitutes the future work.

APPENDIX

To prove the power coupling phenomenon of VSI connected
to the unbalanced grid voltage system via inductive connecting
line, the R, is set to zero in Fig. 1. The relationship of positive
sequence components of PCC voltage, active and reactive
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currents is given as (38)
v;cléﬁzj)(g(i: —ji;)+Vg*40 (38)
where the PCC voltage amplitude is given by (39) and it can be
linearized according to active and reactive currents as shown in
(40).
VISV X X =\ X ) (X (39)

pee g

)(gzi; (V: + Xgi;, )X, .

Av " =( AL +( i
" \/(V; + X0 (X ) \/(V; X (X
(40)
Meanwhile, the output real power P can be linearized in
accordance with PCC voltage amplitude Avy." and active
current i,":
+ .+ + + .+
AP = i AvpCC +VpCCOAlP (41)
Substituting (40) into (41) yields,
X,it?
AP =| et —— v, |60
N AN

(42)
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Similarly, the linearization of reactive power can be derived,

. Kbl .
8- W2 X+ X il b
g g g 00 g 00 PO (43)
(V: +Xgi;0 )i;0 o |a
vpccO U

+
\/V:Z JX A2V X
Finally, positive sequence power coupling of VSI can be
expressed by (44), where c¢ is shown in (45).
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